Human monocytic ehrlichiosis is an emerging tick-borne disease caused by the rickettsia Ehrlichia chaffeensis. We investigated the impact of two genes that control macrophage and T-cell function on murine resistance to E. chaffeensis. Congenic pairs of wild-type and toll-like receptor 4 (tlr4)-or major histocompatibility complex class II (MHC-II)-deficient mice were used for these studies. Wild-type mice cleared the infection within 2 weeks, and the response included macrophage activation and the synthesis of E. chaffeensis-specific Th1-type immunoglobulin G response. The absence of a functional tlr4 gene depressed nitric oxide and interleukin 6 secretion by macrophages and resulted in short-term persistent infections for >30 days. In the absence of MHC-II alleles, E. chaffeensis infections persisted throughout the entire 3-month evaluation period. Together, these data suggest that macrophage activation and cell-mediated immunity, orchestrated by CD4 ؉ T cells, are critical for conferring resistance to E. chaffeensis.
Human monocytic ehrlichiosis (HME) is a recently reported tick-borne disease caused by the rickettsia Ehrlichia chaffeensis (14, 20, 36) . This pathogen also infects white-tailed deer, dogs, goats, and coyotes (8, 15-17, 29, 30) . Early symptoms of HME include fever, headache, malaise, muscle aches, vomiting, diarrhea, cough, joint pains, and confusion (61) . If untreated, ehrlichiosis can cause severe, potentially fatal illness in immune compromised and elderly people (43, 44) . Severe manifestations of the disease include prolonged fever, renal failure, respiratory distress, seizures, and coma.
Members of the class Ehrlichiales, including E. chaffeensis, persist in their vertebrate hosts for long periods of time, despite active host immune responses (1, 18, 45, 66) . The relationship between E. chaffeensis and its targeted host cells, macrophages and monocytes, is critical because contrary to their natural function, these cells fail to clear E. chaffeensis, allowing them to establish persistence by undefined evasion mechanisms. Thus, studies to determine host immune responses to E. chaffeensis in an experimental host are useful to understand the immune evasion strategies used by this and other rickettsiales and by other macrophage-tropic pathogens.
The mouse has been utilized to determine the impact of the host response on resistance to E. chaffeensis infections (55, 62, 63) . Wild-type immunocompetent mice clear infections in 16 days (62) , while the absence of the macrophage-regulating tlr4 gene results in persistence of up to 28 days (55) . E. chaffeensis infections in severely immunocompromised SCID mice (deficient for T and B cells) results in severe multiorgan infections, and the infected animals become moribund around 24 days postinfection (62) . The role of T cells for conferring protective immunity to Cowdria ruminantium, a closely related pathogen of E. chaffeensis, has been reported recently (10) . An important role for T cells also is implicated by the T-cell response against a major surface protein of the genogroup II Ehrlichia, Anaplasma marginale (9) .
Because macrophages and T cells appear important in the control of this macrophage-tropic rickettsia, we proposed the hypothesis that gene disruptions in important macrophage and T-cell regulatory genes would impact the course of E. chaffeensis infection. We tested the hypothesis by following the course of infection and measuring several immunological and pathological responses in mice with genetic backgrounds ranging from wild type to mutants for tlr4 and major histomcompatibility complex class II (MHC-II) genes that impact macrophage and T-cell function. The tlr4 gene product, responsible for the stimulatory effects of gram-negative bacterial lipopolysaccharide (LPS), is an important regulator of macrophage responsiveness (58) . The MHC-II gene complex encodes heterodimeric molecules that bind antigenic peptides for presentation to T cells and serve as the signal transduction molecules to regulate macrophage function (26, 27, 38, 39, 41, 56) . The expression of the MHC-II molecules is also necessary for the T-cell maturation to CD4 ϩ T cells (25) .
MATERIALS AND METHODS

Mouse strains. (i) Mice used for analysis of tlr4 gene impact.
To evaluate the impact of the tlr4 gene on E. chaffeensis infection, two congenic sets of mice were utilized. (i) Infections in FeJ (C3HeB/FeJ) mice were compared with those in HeJ (C3H/HeJ) mice, and (ii) infections in B6 (C57BL/6J) mice were compared with those in B10 (C57BL/10ScN) mice. FeJ mice were embryo derived from HeJ mice and have the same genetic background (19) (40) . Since tlr4 functions normally in B6 mice, comparison between B6 and B10 mice on E. chaffeensis growth was chosen to further evaluate the impact of tlr4 gene.
(ii) Mice used for analysis of MHC-II impact. The C2D mouse (B6.129-Abb tm1 N5F20) has the MHC-II genes deleted (25) . It has been backcrossed five times at Taconic to the B6 (C57BL/6) mouse background. The C2D mouse has been brother-sister mated for more than 20 generations over the last 8 years at Kansas State University (KSU). Because the B6 mouse strain is the only inbred strain that the C2D mice have been backcrossed to, this incipient congenic mouse pair is routinely used for congenic comparisons to determine the impact of MHC-II genes (5, 57) .
The recently created hybrid mouse strain FeJ ϫ C2D also carries mutations for MHC-II genes (MHC-II Ϫ/Ϫ ), while the HeJ ϫ C2D strain is a mutant for both tlr4 and MHC-II genes (12, 63) . These hybrid mouse strains were included in the study to understand the impact of these genes in outbred populations like humans. All mice were bred in the rodent facility of the Division of Biology, Kansas State University, and housed in isolators under specific-pathogen-free conditions. Recombinant breeder mice were treated with sulfamethoxazole and trimethoprim (Sulfatrim, 1 ml/100 ml of H 2 O) for 1 week once per month to inhibit infections. Weaned mice did not receive antibiotics. All mouse experiments were approved by the institutional animal care and use committee.
E. chaffeensis mouse infections. E. chaffeensis Arkansas (14) isolates obtained from the Centers for Disease Control and Prevention (CDC&P), Atlanta, Ga., were cultivated in DH82 cells as described previously (13, 54) . Cultured bacteria from T75 flasks were harvested (13) when 80 to 100% of the confluent DH82 cells were infected. The cell suspension was diluted 1:1 in phosphate-buffered saline (PBS), and 0.5 ml of the suspension (ϳ5 ϫ 10 6 cells) was injected intraperitoneally (i.p.) per mouse as described previously (61) . Control mice received 0.5-ml i.p. injections containing uninfected DH82 cell suspension. E. chaffeensisinfected mice and control mice were sacrificed and evaluated on days 3, 8, 16, 23, 30, 50 , and 92 postinfection.
Blood collection. Mice were anesthetized i.p. with ketamine (80 mg/kg of body weight) and xylazine (10 mg/kg). Blood was collected from the retro-orbital sinus using a Pasteur pipet containing approximately 25 l of 14% EDTA. Collected blood (ϳ300 l per mouse) was transferred to microcentrifuge tubes containing 50 l of 14% EDTA and stored at 4°C. Within 2 to 4 h after collection, blood samples were centrifuged at 3,000 ϫ g and plasma was collected and stored at Ϫ70°C. Plasma samples were assayed for the presence of E. chaffeensis-specific immunoglobulin G (IgG) antibodies and selected cytokines.
Peritoneal macrophage collection. Peritoneal cells containing predominantly macrophages were collected from infected and control mice by peritoneal lavage with 20 ml of ice-cold, sterile PBS. Approximately 2 ϫ 10 7 cells per sample were seeded into wells of 24-well culture plates in 2-ml volumes. Cells were incubated for 18 h, culture supernatants were collected, and cell supernatant was stored at Ϫ20°C until cytokine assays were performed. Two milliliters of peritoneal exudate cells was also used to determine the presence of viable rickettsiae in infected and control mice by in vitro culture assay (described below).
Culture isolation of E. chaffeensis from peritoneal cells of infected mice. Cells from 2 ml of peritoneal exudate were harvested by centrifugation at 3,000 ϫ g for 5 min in a SERO-FUGE centrifuge (Becton Dickinson, Franklin Lakes, N.J.). The cell pellet was resuspended in 1 ml of culture medium containing DH82 cells, transferred to 24-well, sterile culture plates, and incubated with 5% CO 2 at 37°C under humidified conditions. Cultures were monitored for growth every three to four days until the recovery of viable organisms, or up to 8 weeks. Monitoring was done by light-microscopic examination of culture fluid transferred onto a Cytospin slide (Shadon Southern Products Ltd., Chessire, England) stained with Hema 3 stain (Biochemical sciences, Inc., Swedesboro, N.J.). Detection of viable rickettsiae by culture usually required a two week incubation period. Culture positives were verified by PCR assay (described below) using the genomic DNA isolated from the cultured organisms. All culture-negative samples were monitored for up to 8 weeks before being classified as negatives.
Genomic DNA isolation and E. chaffeensis rRNA gene-specific PCR. Genomic DNA from liver and spleen tissue samples was extracted by the sodium dodecyl sulfate-proteinase K-phenol-chloroform-isoamyl alcohol method (37) . PCR assay was performed using ϳ1 g of genomic DNA and E. chaffeensis rRNA gene-specific primer pair (E. chaffeensis species-specific forward primer, RRG3: 5ЈCAATTGCTTATAACCTTTTGGTTATAAAT; Ehrlichia genus-specific reverse primer, RRG2: 5ЈCTATAGGTACCGTCATTATCTTCCC). The primers were designed based on the published sequence available in the GenBank (under accession no. U60476). Amplicons of 0.39 kb were identified by hybridization with an rRNA gene-specific probe. The hybridization step was included to rule out the false positives resulting from nonspecifically amplified, predicted size products. DNA isolation and PCR setup were performed in a DNA isolation laboratory, while PCRs and the product analyses were done in a separate, PCR analysis laboratory. PCRs were prepared in a Clean Spot PCR UV work station (Coy Laboratory Products, Grass Lake, Mich.). A master mix containing all PCR ingredients except Taq DNA polymerase and DNA template was prepared, divided into multiple aliquots, and stored at Ϫ20°C for use in the assays. PCRs were performed after adding Taq DNA polymerase (Applied Biosystems, Foster City, Calif.) to freshly thawed aliquots. All PCR assays included a negative control containing no template DNA and a positive control containing purified, culture-derived E. chaffeensis genomic DNA. PCR cycles were performed in a GenAmp9700 (Applied Biosystems) using one initial denaturing cycle of 94°C for 4 min followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min and one cycle of 72°C for 5 min. PCR products were stored briefly at 4°C and transferred to Ϫ20°C until use. Twenty percent of the PCR products were resolved on a 1.5% agarose gel, transferred to a nylon membrane, and hybridized with a random primer 32 P-labeled ribosomal DNA probe generated from culture-derived E. chaffeensis DNA. The conditions for hybridization and washes were as previously described (47) . Kodak X-Omat film was exposed to the hybridized membranes for 2 to 3 h at Ϫ70°C. Whenever a strong hybridization signal was noted, the data were verified by exposing the blot for shorter exposure times.
Histopathology and immunohistochemistry. Liver and spleen samples were collected from infected and control mice and stored at Ϫ20°C or used immediately for isolating total genomic DNA. Sections of liver were also placed in formalin or Histochoice for histopathological and immunohistochemical analysis, respectively. Formalin-fixed samples were processed routinely, embedded in paraffin, cut at a 5-m thickness, and stained with hematoxylin and eosin (H&E). Two cross-sectional areas of liver obtained from each mouse were evaluated for inflammatory foci, and the average of the two slides was used to assign a score for the inflammatory lesion as follows: score 0, no inflammatory foci; score 1, neutrophilic foci associated with rare apoptosis; score 2, 2 to 6 neutrophilic foci with apoptosis; score 3, 6 to 15 foci containing neutrophils with apoptotic hepatocytes; score 4, Ͼ15 neutrophilic foci with apoptosis; score 5, 1 to 15 foci of principally epithelioid macrophages with few mononuclear cells and neutrophils; score 6, Ͼ15 principally epithelioid macrophages with few mononuclear cells and neutrophils.
Immunohistochemical analysis was performed as described (61) with minor changes. Primary E. chaffeensis-specific antiserum was obtained from an HME patient (courtesy of Chris Paddock, CDC&P). E. chaffeensis-specific antibodyantigen complexes were detected using biotinylated goat anti-human secondary antibodies and avidin-biotin-alkaline phosphatase. Fast Red TR/napthol AS-MX (Sigma Chemical Co., St Louis, Mo.) was used to detect the alkaline phosphatase reaction. Normal human serum was used as the primary antibody for a negative control. Counterstaining of hepatocytes was performed with hematoxylin II.
Western blot analysis. Plasma from E. chaffeensis-infected and control mice was assayed for the presence of E. chaffeensis 28-kDa outer membrane proteinspecific antibody. Antigen for the assay was an expressed copy of the E. chaffeensis Arkansas isolate 28-kDa outer membrane protein (Omp) gene, open reading frame 5 (47) (also known as the Omp-1g [42] or p28-19 [64] ). The recombinant antigen was synthesized and purified as previously described (46) . The blot assay was performed using the ECL Western blotting system according to manufacturer protocols (Amersham/Pharmacia Biotech Inc., Piscataway, N.J.). Briefly, equal amounts of purified recombinant protein (ϳ3 g/well) were resolved on a sodium dodecyl sulfate-10% polyacrylamide gel (37), transferred to a Hybond-N nitrocellulose membrane and blocked with 5% nonfat dairy milk. Membranes were assembled in a multichannel Western blot apparatus (Immunogenetics, Cambridge, Mass.) and incubated with 1:128-diluted mouse plasma for 2 h at room temperature. Following three washes for 10 min each in Tris-buffered saline solution containing 0.1% Tween 20 at room temperature, blots were incubated with 1:2,000-diluted horseradish peroxidase (HRPO)-conjugated antimouse IgG (Caltag, Burlingame, Calif.). Antigen-antibody complexes were detected by exposing X-ray film (Amersham Hyperfilm) for ϳ2 min using the HRPO chemiluminescent substrate, Luminol (Amersham/Pharmacia Biotech., Inc.).
Quantitative ELISA to measure IgG subclasses. Quantitative enzyme-linked immunosorbent assays (ELISA) were performed to measure the concentrations of E. chaffeensis 28-kDa Omp-specific IgG subclass antibodies by following the protocol described previously (48) with some modifications. Briefly, the 96-well ELISA plates (Dynatech Laboratories, Inc., Chantilly, Va.) were coated with the purified recombinant 28-kDa Omp antigen (46) at a concentration of 20 ng/well using 50 mM sodium carbonate buffer, pH 9.6. One-hundred microliters of each plasma sample diluted 1:64 was added to antigen-coated wells and incubated for 2 h at room temperature. The wells were washed thrice with PBS containing 0.05% Tween 20 (PBST) and incubated with HRPO-conjugated goat anti-mouse IgG subclass antibodies, IgG1, Ig2a, IgG2b, and IgG3 (Caltag), at a dilution of 1:2,000. Unbound secondary antibodies were removed by washing with PBST, and the color was developed using TMB (3,3Ј,5,5Ј-tetramethyl benzidine) (Calbiochem, San Diego, Calif.) as a substrate. After 10 min of incubation with the substrate, the reaction was stopped by the addition of phosphoric acid to a final concentration of 333 mM, and the color developed was measured by using an ELISA plate reader at 450 nm. For determining the concentrations of IgG subclasses, serial dilutions of purified mouse IgG1, IgG2a, IgG2b, and IgG3 were added to plates coated with anti-mouse immunoglobulins. Color developed from the standards incubated with anti-goat-IgGs and TMB were used to determine concentration of each of the four IgG subclasses by linear regression analysis. All assays, including the serial dilution standards, were performed in triplicate wells and the average values were used for analysis.
Nitric oxide assessment. As a measure of NO production, we measured peritoneal macrophage secretion of NO 2 , a stable end product of the NO synthesis pathway (51) , by using the Griess reaction (53) . The sensitivity of the assay was approximately 200 nM. IL-6 and IL-10 were assayed using a capture ELISA in 96-well polyvinyl chloride plates (11) . Tumor necrosis factor alpha (TNF-␣) concentrations were determined using TNF-␣-sensitive LM-929 cells as described previously, except MTT was used to quantitate cell death (21) .
Statistical analysis. Mann-Whitney U tests and chi-square analyses were done as indicated to determine differences between mouse groups. To determine the impact of individual gene deficiencies, animals with similar MHC-II and tlr4 genotypes were pooled and assessed for differences using nonparametric statistics tests which did not depend on normal distribution of the pooled data. Statistical analyses were performed using the StatMost Statistical Software Package (Data Most, Salt Lake City, Utah).
RESULTS
Evaluation of E. chaffeensis infections in mice.
To test if disruptions in important macrophage and T-cell regulatory genes would impact the course of E. chaffeensis infection, wildtype mice and mutants for tlr4 and/or MHC-II genes were infected i.p. with cultured E. chaffeensis organisms. Mouse strain pairs that allow comparisons between congenic strains for tl4 gene impact are HeJ-FeJ and B6-B10. B6 and C2D mice allow congenic comparisons for evaluating the impact of MHC-II. The courses of the infections were monitored for 3 months. Peritoneal exudate cells from control mice were negative for rickettsiae by in vitro culture detection assay, while the samples from all infected mouse strains were positive for E. chaffeensis (Fig. 1, culture data) . Wild-type mouse strains FeJ and B6 were culture negative for the pathogen beginning at 16 days after infection. The tlr4 mutant strains HeJ and B10 were culture positive for E. chaffeensis up to 30 days postinfection. All mice deficient for MHC-II genes remained E. chaffeensis culture positive throughout the 92 days postinfection.
Trafficking of E. chaffeensis from the inoculation site. To determine if the rickettsiae introduced into peritoneal cavity are filtered through the reticuloendothelial system, liver DNAs were tested for the presence of E. chaffeensis by PCR assay targeted to the E. chaffeensis rRNA gene. The control mice were negative throughout the 92-day study. All E. chaffeensisinfected mice were PCR positive up to 8 days postinfection (Fig. 1, PCR data) , but the mouse strains having functional MHC-II genes tested negative after day 8. In contrast, all MHC-II mutant mouse strains were E. chaffeensis PCR positive for up to 92 days postinfection. Similarly, PCR analysis of spleen DNA from all infected animals also identified E. chaffeensis DNA (data not shown). These data demonstrate the trafficking of E. chaffeensis from the inoculation site to liver and spleen in all mouse strains and the rapid decrease of rickettsiae in mice having functional MHC-II genes.
The PCR analyses revealed the presence of E. chaffeensis less frequently than the culture recovery of the organism from peritoneal wash cells (comparison of culture and PCR data in Fig. 1 ). These differences may be explained as a result of lower sensitivity of the detection by PCR assay or may reflect the lower abundance of E. chaffeensis in the liver and spleen compared to the peritoneum. To address this issue, and to verify the results from the culture isolation method, genomic DNA was isolated from peritoneal exudate cells collected 50 and 92   FIG. 1 . Results of in vitro culture isolation and PCR assays for E. chaffeensis-infected mice. Typical results obtained for each mouse strain were presented at each time point postinfection for all 7 mouse strains. Numbers 3, 8, 16, 23, 30, 50 , and 92 refer to sample analysis days postinfection. Ninety-two days postinfection samples for C2D mice were not available. All control mice were negative for E. chaffeensis as determined by culture isolation and PCR assay. Culture, culture positives of E. chaffeensis from peritoneal exudate cells (ϩ, positive; Ϫ, negative; c, contaminated; n, data not available); PCR, hybridization data from PCR assay for E. chaffeensis-specific ribosomal gene in genomic DNA isolated from liver samples. days after infection and was evaluated for the presence of E. chaffeensis by the PCR assay. All samples that were culture positive for rickettsiae were also positive by PCR assay (data not shown), suggesting that the peritoneal cavity had significantly more E. chaffeensis-infected macrophages than the liver or the spleen.
Impact of individual gene mutations on clearance of E. chaffeensis. The assessment of individual mouse strains implicated an important role for both MHC-II and tlr4 in murine resistance to E. chaffeensis in comparing congenic strains B6 and C2D for the MHC-II gene and FeJ and HeJ or B6 and B10 for the tlr4 gene (Fig. 1) . To confirm the impact of individual gene mutations on the clearance of E. chaffeensis, mouse infections were analyzed according to their individual MHC-II or tlr4 genotypes independently of other gene expression (Tables  1 and 2 ). All mice that carried functional MHC-II alleles cleared E. chaffeensis infections, while the mice lacking functional MHC-II genes had persistent infections throughout the study period (Table 1) . Mice carrying mutations only in the tlr4 gene (tlr4 d/d ) had persistent infections for Ն30 days and subsequently cleared the infections ( Table 2 ). The presence of functional tlr4 genes also had no influence in overcoming the effects of MHC-II mutation in clearing E. chaffeensis infections (Table 1) .
Inflammatory response in E. chaffeensis-infected mice.
To further evaluate the impact of individual gene mutations on the trafficking of E. chaffensis and the subsequent inflammatory response, histopathological analysis was performed on the liver sections of infected and uninfected mice. Independent of the allelic background, E. chaffeensis-infected mice had liver lesions with lesion scores ranging from 2 to 4 for samples analyzed from 8 days after infection, while uninfected controls had no lesions (Fig. 2 and 3A to C) . The lesions in infected mice consisted of neutrophil infiltrates associated with one or more apoptotic hepatocytes (Fig. 2 and 3A and B) . The lesions peaked at 16 days postinfection (scores, 4 to 6) and began to resolve thereafter. By day 16, the lesions were composed of epithelioid macrophages surrounded by few mononuclear cells, defined as granulomas, and were most numerous in the MHC-II Ϫ/Ϫ mice ( Fig. 2 and 3C ). The inflammatory foci were FIG. 2. Liver lesion severity in mice infected with E. chaffeensis Arkansas isolate. Lesions were evaluated at various time intervals and assigned lesion scores (described in Materials and Methods). Data are presented as the median scores based on the presence (black bars) or absence (white bars) of MHC-II and tlr4 gene alleles. MHC-II ϩ/ϩ data included 8 mice each, while tlr4 n/n data are from 10 mice each. The MHC-II Ϫ/Ϫ data included 12 mice each, and data for tlr4 d/d mice were compiled from 10 mice. An asterisk indicates significant differences between mice with functional and mutant alleles (P Ͻ 0.01 using a Mann-Whitney rank sum test). found in mid-zonal and periportal areas of the hepatic lobule, indicating entry into the liver via the portal vein.
To examine if the liver lesions contained E. chaffeensis organisms, immunohistochemical analyses were performed on liver sections of mouse strain HeJ ϫ C2D, which carries mutations for both the tlr4 and MHC-II genes (Fig. 3D to F) . The analysis revealed the presence of E. chaffeensis in inflammatory foci on days 8 and 16 postinfection (Fig. 3E and F) . Several mononuclear cells (Kupffer cells) in the hepatic sinusoids also stained positive for E. chaffeensis (Fig. 3E and F ). These data demonstrate the macrophage-tropic nature of the infection and verified the PCR detection of E. chaffeensis in liver tissue samples. Livers from control mice were negative for the immunostaining (Fig. 3D) .
Wild-type and tlr4 mutant mice induced IgG response against E. chaffeensis. Previous studies found that antibody has the ability to reduce the rickettsial load but not clear E. chaffeensis infections completely (34, 62) . Because our histopathological assessment revealed that all mice, including MHC-II mutants, ameliorated the hepatic infection after 16 days, we assayed for the E. chaffeensis-specific IgG response.
IgG antibodies specific for an expressed E. chaffeensis 28-kDa outer membrane protein were detected in plasma from all MHC-II ϩ/ϩ mice beginning 16 days postinfection (Fig. 4) . Plasma samples from all MHC-II Ϫ/Ϫ mice, independent of the presence or absence of functional tlr4 genes, were negative for IgG. The concentrations of individual IgG subclass antibodies in MHC-II ϩ/ϩ mice were estimated by quantitative ELISA (Fig. 5) . The data for all mice were presented for 16 to 92 days postinfection. In addition, the average values for all postinfection days from 16 to 92 days were presented (Fig. 5) . Consistent with the Western blot data, Ehrlichia-specific IgG concentrations were low or undetectable in samples collected at 3 and 7 days postinfection (not shown). Independent of the time after infection or the presence of a functional tlr4 gene, only low levels of IgG1 (5 to 8% of total IgG) were made by any mouse strain. The predominant expression of complementfixing IgG molecules IgG2a, -2b, and -3 (22, 31) constituted 92 to 95% of the total IgG made.
Macrophages from E. chaffeensis-infected mice produce NO. Nitric oxide is an important macrophage mediator involved in destroying intracellular pathogens (6) . Because E. chaffeensis grows in macrophages and the peritoneum was the site of infection, we assessed NO 2 (a stable end product of NO) production in peritoneal macrophages ex vivo at various times after infection. Peritoneal macrophages from uninfected mice produced low to undetectable concentrations of NO 2 . Macrophages from infected mice of all strains produced significant concentrations of NO 2 by 8 days postinfection. Although subtle differences in the secretion patterns by macrophages from different mouse strains were evident, there was no clear association between NO 2 detected and E. chaffeensis clearance (data not shown). However, when the data were sorted by the presence or absence of functional alleles for the Tlr4 and MHC-II genes, there was a significant decrease in the NO 2 concentrations generated by macrophages from tlr4-deficient mice compared to those from mice having a functional tlr4 gene (Table  3) . Comparisons among the congenic mice with functional or mutant tlr4 genes (FeJ versus HeJ or B6 versus B10) also showed significantly more NO 2 made by FeJ and B6 mice at days 8, 16, 23, and 30 (P Ͻ 0.02 as assessed by the MannWhitney test [data not shown]) compared to HeJ and B10 mice. There were no significant differences noted between MHC-II Ϫ/Ϫ and MHC-II ϩ/ϩ mice ( Table 3) . As seen for the NO 2 secretion, there was also a strong impact of the tlr4 gene on macrophages secretion of IL-6, while IL-10 and TNF-␣ were not made in notable concentrations (data not shown).
DISCUSSION
In this study, we have established that two genes that contribute to cell-mediated immunity, tlr4 and the MHC-II gene, are important for protection against E. chaffeensis. The importance of these genes is demonstrated using congenic mouse strains. In addition, the use of two hybrid strains led to the same conclusions. Therefore, our observations should be valuable to understanding ehrlichiosis in outbred populations such as humans. Assuming that the negatives for culture and PCR assays indicate clearance, wild-type mouse strains clear E. chaffeensis infections within 16 days after infection. In tlr4
mutants, the response to E. chaffeensis infection is similar to that observed in wild-type mice, except that E. chaffeensis clearance is delayed for at least 2 additional weeks. The short-term persistence observed in tlr4-deficient mice confirmed the earlier findings of Telford and Dawson (55) . These data suggest that in the absence of the tlr4 receptor, the macrophage stimulatory effect of Ehrlichia LPS may have been abolished. This hypothesis is supported by the lower NO and IL-6 responses by tlr4 mutant mice. However, macrophage activation may have been compensated for by one or more alternative pathways allowing mice to clear the infection after a short delay.
Persistence of E. chaffeensis for the entire 3-month study period in MHC-II Ϫ/Ϫ mice suggests that functional MHC-II molecules are essential for clearance of the organisms from the murine host. Consistent with recent reports that passively acquired E. chaffeensis-specific antibodies transiently protect SCID mice from fatal infection (34, 62) , our data support the hypothesis that complete suppression of this intracellular rickettsia infection requires the presence of functional CD4 ϩ T cells.
Mice with functional MHC-II genes had predominant expression of IgG2a, -2b, and -3 (92% of total IgG made). These three IgG subclasses are T H 1-type, complement-fixing antibodies (22, 31) . The fluctuations in the type of IgGs made with time postinfection may have resulted from differences in the gamma interferon (IFN-␥) concentrations (49, 50) . Because the expansion of IgG2a-, IgG2b-, and IgG3-secreting clones is IFN-␥ dependent (50, 52) by the earlier observation by Barnewall and Rikihisa (4) that the activation with IFN-␥ inhibits monocyte infections with E. chaffeensis in vitro. The lower abundance of IgG1, a T H 2 antibody (23), further supports this hypothesis. A recent study of Li et al. (34) , using monoclonal IgG2a or IgG3 antibodies specific to the 28-kDa outer membrane protein of E. chaffeensis, reported that the IgG2a subclass has a greater efficacy in rescuing SCID mice from fatal infection than IgG3, suggesting that IgG2a may be a more effective in promoting host resistance. In the present study, we did not detect the differences in the clearance of the organisms relative to IgG subclasses expression in MHC-II ϩ/ϩ mice. Our cytokine analysis did not reveal changes in the concentrations of TNF-␣ and IL-10 secreted by macrophages between controls and E. chaffeensis-infected mice, which would be consistent with the previous studies of Lee and Rikihisa (32) . Although there are minor fluctuations in the nitric oxide concentrations after E. chaffeensis infection, there is no correlation between NO production and subsequent long-term persistence of infection observed in some mouse strains. This is contrary to the important role NO plays in eliminating other macrophagetropic pathogens (7, 28, 35) . A recent study presented by Banerjee et al. (2) demonstrated a short-term delay in the clearance of the human granulocytic ehrlichiosis (HGE) agent in nitric oxide synthase (NOS2) gene knockout mice. The lowered NO response in tlr4 d/d mutant mice may reflect the overall lack of macrophage activation in our mouse strains and may also be consistent with the data for the HGE agent (2). The tlr4 d/d mutants ultimately cleared the E. chaffeensis infection, as the NOS2 knockout mice cleared the HGE agent (2), suggesting that NO is one of many possible mediators that macrophages can use to help clear rickettsiae. Banerjee et al. (3) also reported that HGE agent infections repress respiratory burst. Although persistent infection did not inhibit the NO response in our studies, there may be differences in the impact of these rickettsiae on the O 2 Ϫ pathway and the NO pathway. Cell tropism differences between E. chaffeensis and the HGE agent also may explain the contrast between our two studies. These hypotheses remain to be tested. While macrophage activation may contribute to clearance of E. chaffeensis, it alone is not sufficient for the pathogen clearance, and CD4 ϩ T cells appear to be the critical factor. This hypothesis is supported by the fact that all mice having functional tlr4 but lacking MHC-II genes failed to clear the infection.
The hypothesis that an effective cell-mediated immune response is necessary for ehrlichial resistance is also supported by the formation of granulomatous inflammation in the livers of infected mice. Peak inflammation is observed 16 days postinfection, with inflammation decreasing over time. Granulomatous inflammation found in infected mice having functional MHC-II genes is expected as part of a cell-mediated immune response necessary for the clearance of intracellular organisms. However, we did observe a similar inflammation in all mice independent of their MHC-II gene alleles. The response is transient, with a peak inflammation at 16 days after infection. Similar granuloma formation was reported earlier in E. chaffeensis-infected SCID mice that lack both T and B cells (61) . Mice in that study became moribund within 24 days postinfection (61) . In contrast, MHC-II and tlr4 mutants in our study did not become ill or die. The granuloma formation in MHC-II mutant mice likely consists of macrophages, CD4-negative T cells (such as CD8 ϩ or CD8 Ϫ natural killer cells), and possibly B cells. Further studies are needed to determine the composition of the infiltrates. The establishment of persistent infections in MHC-II Ϫ/Ϫ mice suggests that the CD4 ϩ T cells are essential for the complete clearance. However, the decline of liver inflammation and survival despite persistent infection in these mutants suggest that other immune cells and mechanisms also contribute to the host response against E. chaffeensis.
The results from this study support the hypothesis that the macrophage and T-cell regulatory genes impact the course of E. chaffeensis infection. We provided evidence that E. chaffeensis stimulates an effective cell-mediated immune response. The response is associated with B-cell activation leading to the synthesis of a T H 1-type IgG response and macrophage activation. tlr4 mutation suppresses the early clearance of the pathogen but does not compromise the subsequent resistence. Likewise, macrophages from E. chaffeensis-infected mice produced high levels of NO, but it was not sufficient for complete rickettsial clearance. Delayed clearance of E. chaffeensis in tlr4 mutants, the rickettsial persistence in MHC-II Ϫ/Ϫ mice, and the production of a T H 1-type, complement-fixing, IgG antibody response suggest that CD4 ϩ T cells orchestrate the complete clearance of E. chaffeensis.
